Abstract-In this paper, the breakdown voltage in avalanche photodiodes operating in Geiger mode is investigated. In particular, the breakdown voltage dependence on the structural characteristics of n + =p avalanche diodes, such as implant dose and epitaxial layer thickness and doping concentration, as well as the temperature behavior are analyzed. The study includes both experimental data and numerical simulations. The first are acquired in a controlled temperature environment on samples featuring different electrical structures. Simulations are performed both at the technological process as well as at the electrical level using a commercial TCAD software. Agreement between experiments and numerical analysis is found to be quite good and first hints on how to improve the breakdown voltage uniformity and temperature dependence are given. Moreover, with the aid of TCAD simulations, the potential sources of device breakdown voltage fluctuations related to both device process variability and the properties of the starting silicon wafers are investigated.
I. INTRODUCTION
T HE silicon photomultiplier (SiPM) represents a promising and viable replacement for the photomultiplier tube in all those applications where the detection of very low light intensity is required [1] . Positron emission tomography (PET) instrumentation is one of the most attractive application fields for SiPMs [2] , [3] . Even though SiPMs have already demonstrated their suitability and value for such applications, several aspects regarding the operation of SiPMs still need to be taken into account when addressing their system integration. In particular, the device breakdown voltage temperature dependence and uniformity are two crucial concerns since both the gain and the detection efficiency strongly depend on the applied overvoltage (i.e., the bias voltage above breakdown). This means that in a PET system where a constant and uniform bias voltage is used, the position of the photopeak may shift from device to device and may also shift with time. For these reasons, non uniformities in may imply complex and time consuming PET scanner calibrations. In this context, it is therefore of primary importance to understand which are the possible sources of device characteristics variability in order to be able to minimize both the fluctuations and the temperature dependence in SiPMs.
In this paper, and its temperature coefficient dependencies on some structural properties of GM-APDs (e.g., background doping, body thickness) are investigated. In addition, a brief analysis about the possible sources of variability is also presented. The paper is organized as follows. Section II introduces the measurements carried out directly on SiPM devices fabricated at FBK-IRST featuring different epitaxial layer thickness and resistivity and comments on the observed variations with temperature. Section III introduces the TCAD modeling environment, while Section IV discusses the results of the numerical analysis concerning both the temperature behavior of and the fluctuations in relation to process and wafer properties variability. The conclusions are presented in Section V.
II. EXPERIMENTS
In this work, mm SiPMs with 625 cells produced at FBK have been measured. The devices are fabricated on (100) low resistivity (5-15 m -cm) -type silicon wafers featuring a -type epitaxial layer of variable thickness and resistivity. The junction is obtained with a shallow high-dose arsenic implant followed by a deeper boron implant whose dose mainly determines the of the device. The overall structure is therefore a diode where the junction defines the high-field avalanche region and the layer defines the low-field drift region and hence the active thickness of the SiPM. The implant profiles and the capping dielectric layers are designed to optimize the efficiency for short wavelength photons (in the range of 420-450 nm) [4] . Each avalanche diode is passively quenched by a polysilicon resistor integrated in the structure. More details on the SiPM devices, such as dark properties, IV characteristics, after pulse, optical cross-talk, time and energy response can be found in [5] - [8] . The measurements presented in this paper have been carried out in dark in a climatic chamber for temperatures ranging between C and C. in SiPM devices for an extended temperature range are also reported in [9] .
Four different SiPMs labeled as A, B, C and D which differ for the epitaxial layer characteristics as indicated in Table I at FBK. The devices differ for the epitaxial layer characteristics, see Table I . The solid line is the linear fit to each data set whose slope gives the breakdown voltage temperature coefficient. the bias voltage on the reverse I/V characteristic at which the second derivative of the logarithm of the current has its maximum. The values found with this method correspond to the ones extrapolated from the gain vs. bias voltage plot [7] . Fig. 1 shows that has a positive temperature coefficient, as expected from avalanche breakdown, and that it also increases, for a given temperature and epitaxial doping concentration, with increasing epitaxial layer thickness. This latter fact suggests that some of the investigated structures may operate in punched-through (or full depletion) conditions [10] . To this regard, the effective extension of the depletion region, see Table I , has been estimated from the overall device doping profile (except for the implant) extracted from the C/V measurements carried out, up to the breakdown voltage, on large-area GM-APDs featuring the same structural characteristics as the SiPMs [11] . As an example, Fig. 2 reports the dopant profile corresponding to device C and demonstrates that this sample is punched through since the depletion reaches the interface prior to breakdown. Analogously, the epitaxial layer thickness reported in the fourth column of Table I has been extracted from C/V measurements performed on punched-through GM-APDs without implant. From Table I it can be inferred that only device B is not fully depleted. Moreover, since both devices B and C happen to feature a depletion layer that is m thick, they also feature very similar values.
From Fig. 1 and Table I it could be finally observed that the temperature coefficient of the breakdown voltage (i.e., the slope of the linear fit reported in solid line for each data set) relates to the depletion layer width and therefore to the thickness and resistivity of the epitaxial layer. This important point will be analyzed more in detail in the next section.
It should be mentioned that the breakdown measurements reported in Fig. 1 refer to specific packaged SiPMs and should not be regarded as the average breakdown value for the four considered structures. For a given fabrication lot may fluctuate around the average value up to V both within a wafer and from wafer to wafer in type D and even up to V in type A. In addition, the average of a given SiPM may vary up to V from lot to lot [2] . As will be discussed later in this work, these fluctuations in can be ascribed to both process and wafer properties statistical variations.
III. TCAD MODELING
In order to understand the experimental results, one dimensional process and device simulations of GM-APDs representative of the fabricated SiPM devices have been performed with the SILVACO TCAD suite [12] . First, the device structure has been created with the process simulator Athena, starting from the bulk region consisting of the highly doped substrate layer over which a epitaxial layer of the desired thickness has been deposited. Ion implantation, dopants diffusion and dopants activation have then been simulated to create the junction. The structure has to be simulated very accurately in order to get meaningful results. To this regard, among the different models for ion implantation offered by the simulator, the SIMS (secondary ion mass spectroscopy) verified Dual-Pearson analytical model has been chosen [11] , [13] . Concerning dopant diffusion, the Fully-Coupled diffusion model, which accounts also for the effect of the ion implantation damage on the species redistribution process, has been selected. The final resulting structure resembles the schematic structure in the inset of Fig. 2 , except for the fact that, given the 1D geometry assumed in the simulations, edge effects are neglected. Remarkably, the TCAD predicted final profiles result to be in very good agreement with SIMS profiles obtained from direct measurements carried out at FBK on test GM-APDs processed along with the SiPM devices.
The I/V and C/V characteristics of the GM-APD structures have then been simulated with the Atlas tool [12] . The avalanche breakdown phenomena is modeled through the Selberherr's impact ionization coefficients, which have shown to provide very good numerical convergence and whose simple form with a reduced number of parameters allows for a direct interpretation of the results. The standard simulation environment is based on a local dependence of the transport models on the electric field and neglects therefore higher-order effects such as the dependencies of the ionization rates on the carrier energy distribution. In particular, the local-field model generally underestimates the avalanche breakdown voltage since it predicts that carriers respond instantaneously to the electric field and hence too high ionization rates. In order to improve the accuracy of impact ionization simulations, the Atlas tool provides also a more rigorous modeling approach, the energy balance transport model (EBM), in which several physical models such as the carrier mobility and the ionization coefficients are based on the electron and hole mean temperature rather than on the local electric field [12] , [14] , [15] . Moreover, the EBM also introduces the energy relaxation length for impact ionization, further improving the description of avalanche multiplication [16] , [17] . As a result, within the EBM approach it is possible to inherently account for non-local effects such as the concept of dead-space in the modeling of impact ionization phenomena [18] , [19] .
As already mentioned, in the EBM framework the electron and hole ionization rates and do not have a direct dependence on the local electric field but, rather, they are a function of the carrier mean temperature through an effective field as described by the following equations [12] : (1) Here, and are the impact ionization energy threshold for electrons and holes, respectively and is the effective electric field defined as (2) where and are, respectively, the electron and hole temperature and , are the impact ionization energy relaxation length for electrons and holes, respectively (the meaning of both the energy threshold and the energy relaxation length will be more clear in Section IV). , are two model parameters, while is the Boltzmann constant and is the elementary charge. The impact ionization process prescribes that carriers are accelerated to energies high enough to free more electron-holes pairs during collisions with the lattice. In the simulator, the generation rate due to impact ionization is given by the equation (3) where are the ionization rates given above and are the electron and hole current densities. By definition, avalanche multiplication occurs when the generation rate becomes sufficiently high to lead to a diverging process. According to this, the TCAD simulated breakdown voltage is the last bias point for which ATLAS successfully converged. Fig. 3 reports the TCAD simulated as a function of temperature in the four devices considered in this work (see Table I ) obtained with the conventional local transport model. The numerical results turn out to be in large disagreement with the experiments in that neither the absolute values nor the temperature dependence of the breakdown voltage are properly predicted, pointing out the inadequacy of this approach in dealing with avalanche breakdown due to impact ionization [20] .
IV. COMPARISON AND DISCUSSION

A. Temperature Dependence
Much more accurate device simulations can be obtained within the energy balance transport model framework, as the TCAD results shown in Fig. 4 demonstrate. Therefore, the EBM approach is implicitly assumed in all the simulations presented throughout the remaining of this paper.
As can be seen from Fig. 4 , the TCAD predicted dependences on temperature and epitaxial properties are in fairly good agreement with the experimental data. In particular, the breakdown temperature coefficient (given by the slope of the linear fit to each data set) besides being positive tends to increase with increasing epitaxial thickness and resistivity. From a quantitative point of view, however, the breakdown voltage temperature coefficient resulting from the TCAD simulations tends to be slightly higher than the measured one in all the four structures.
To gain insight into device operation, Fig. 5 reports the electric field profile at room temperature in three of the four structures considered in Fig. 4 at 27.8 V bias voltage, that is, of device D. As can be seen, in samples A and B the electric field profile is still too low to cause avalanche breakdown in the high-field region (see the zoom in the inset). The reason stems Table I ). The inset shows a zoom of the electric field peak across the metallurgical junction. The different epitaxial layer properties lead, for the same bias voltage, to different electric field distribution in the three structures.
from the fact that the electric field magnitude in the high-field region is not only determined by the boron implant characteristics but also by the epi-layer properties. Since a thicker epitaxial layer implies a wider depletion region (in the hypothesis of full depletion), the electric field profile results lower in samples A and B because the applied voltage has to distribute over a greater distance. Fig. 6 shows, in turn, the TCAD simulated electric field distribution at the onset of the avalanche multiplication (i.e., at ) in the three devices of Fig. 5 . Close to the metallurgical junction, the field profile is correctly the same independently of the epitaxial layer thickness given the identical superficial diode structure. It should be noted that the junction structure considered in Fig. 6 consists of a narrow superficial high-field region followed by a wide drift region that extends in the epitaxial layer.
From Fig. 6 it can finally be observed that, in agreement with the measurements, A and D operate in full depletion conditions whereas, in B, the depletion layer does not reach the substrate interface since the field smoothly vanishes to zero. As already pointed out, the temperature coefficient displays a marked dependency on the epitaxial layer characteristics. To better understand this aspect, Figs. 7 and 8 report, respectively, the TCAD simulated at room temperature K and the correspondent temperature coefficient, extracted from the linearization of the -curves around room temperature, as a function of epitaxial layer thickness with the background doping concentration as a parameter. , see Fig. 7 , shows a direct dependence upon the epitaxial layer thickness as long as the device operates in full depletion regime, see the curve relative to the low doping case (squares). Only when the epitaxial layer is wide enough to accommodate the entire depletion region (rendering in this way the extension of the space charge region not limited by the epitaxial thickness; the depletion width results a function of the boron implant dose and of the background doping concentration only), becomes independent of the epi-thickness and it saturates towards a constant value. This fact is clearly displayed by the curve relative to the high doping case (circles). Fig. 8 shows, in turn, that around K the temperature coefficient has a similar dependence as on the epitaxial layer thickness, even though it does not present any dependency on the doping concentration (as far as the devices deplete completely). This fact suggests again that the temperature coefficient is determined only by the extension of the depletion region. Fig. 8 reports in dashed line and open triangles also the temperature coefficient extracted from the measurements, refer to Fig. 1 . For a better comparison and given the independence upon the doping concentration, the data relative to devices A, C and D have been placed on the same curve. As already observed, it appears evident that the TCAD simulations tend to overestimate the dependence of on temperature. This point is taken up again after the next paragraph.
It has been underlined that the temperature coefficient in Fig. 8 refers to operating temperatures around K. As better explained in the next paragraph, the field profile required for avalanche breakdown, both in terms of spatial extension and maximum peak value, changes with temperature because of the temperature dependence of the scattering phenomena regulating impact ionization. It follows that the depletion layer width at the breakdown voltage changes with temperature just as , in turn, does. In the cases presented in this work (see Fig. 4 ), the depletion layer width results larger than the epitaxial layer thickness in most of the cases (A, C and D) for the whole considered temperature range. This means a fixed depletion width and therefore a linear dependence of on the temperature. Interestingly, Fig. 9 reports the TCAD simulated in the GM-APDs of this work over an extended temperature range and for additional epitaxial thicknesses. In the hypothesis of a very thick structure (solid line), the epitaxial layer is wide enough to support the depletion layer at the breakdown voltage in the whole temperature range and as expected from theory, shows an exponential rather than linear trend with [10] . When the epitaxial layer is instead not thick enough to support the depletion layer, which increases with temperature, punch-through regime sets up in the devices and the -curves in Fig. 9 (dashed lines) depart from the long-epitaxial-layer case (solid line) and eventually turn into straight lines. Unfortunately for the thinnest epi-thickness case, the device simulator could not provide reliable results for temperatures below 200 K. It is expected however that the relative curve merges with the others at lower temperatures. In general terms, it is therefore possible to define a local temperature coefficient by linearization of the -curve around Fig. 9 . TCAD simulated V in the GM-APDs of this work (see Table I the desired operating temperature. Instead, a global temperature coefficient valid for a wide temperature range might be defined only for those devices with a fixed depletion layer width, i.e., for those devices operating (at each temperature) in full depletion conditions. Several authors have investigated the avalanche breakdown temperature dependences in reversed junctions, in most cases focusing the analysis on the temperature dependence of the ionization coefficient [21] - [24] . In this context, one aim of this work is to clarify the correlations between the temperature behavior of the breakdown voltage and the structural characteristics of the investigated GM-APDs. As outlined in Section III, avalanche breakdown is regulated by the carrier mean temperature which reflects the balance between the energy gained by the electric field and the energy lost by scattering events. The two main scattering mechanisms governing transport in reverse biased junctions are phonon scattering and impact ionization scattering. Considering for the sake of simplicity only electrons, according to Kane [25] phonon scattering dominates the energy loss for carriers with energy below 4 eV, whereas impact ionization dominates for energies above 6.5 eV. This means that there is a minimum energy that carriers must gain in between collisions in order to free an electron-hole pair by impact ionization and which is referred to as the ionization threshold energy . Avalanche multiplication is governed by the generation rate (3) and thus by the ionization coefficients (1), (2) in which relate to the silicon ionization threshold energy and relate to the impact ionization mean free path. In this picture, given a constant electric field , the minimum distance that a carrier must travel before being able to impact ionize is (assuming zero initial energy after each ionizing event) (4) Hence, for a given phonon scattering mean free path the condition for impact ionization requires that (5) otherwise the carrier undergoes a phonon scattering event. Equivalently, the condition on the electric field to have impact ionization is that (6) where is the minimum electric field that satisfies (4) and (5). It can be demonstrated that decreases with increasing temperature [26] : according to (6) increases therefore with temperature and this in turns leads to an increase in . Since in junctions the applied reverse voltage is the integral of the electric field over the depletion region, for a given bias voltage the local electric field in wide junctions will be lower than in narrow junctions (see Fig. 5 ). It follows that the required to lead again to junction breakdown after an increment in the temperature will be smaller in narrow junctions than in wide ones. As a direct consequence, the breakdown voltage temperature coefficient increases with increasing depletion layer width.
From additional simulations, not reported here, it has been verified that a better agreement between numerical and experimental data, both in terms of values and in terms of temperature coefficient (Figs. 4 and 8) , could indeed be obtained by forcing either or in (1) and (2) to slightly decrease with temperature. As already mentioned and in agreement with the model proposed by Chynoweth [27] , these two model parameters relate to the ionization threshold energy and to the carrier mean free path between ionizing collisions. Consistently, in the formulation of the present work [see (1) and (2)] they can also be regarded as the parameters defining the softness of the ionization threshold, a prominent aspect determining the temperature dependence of the ionization rates [28] , [29] , [30] . However, the understanding of impact ionization process in silicon is far from being complete, as demonstrated by the large spread in the experimental determination of the ionization rates reported in the literature and by the numerous attempts to find accurate yet manageable theories for the complex underling physics, see for instance [29] - [35] . Along this line, McIntyre also arose the question of whether there could even be "such thing as a definable ionization coefficient which is characteristic of a specific field" concluding that "any measured value of ionization coefficient is some sort of weighted average which is characteristic only of that particular photodiode structure" [20] . For these reasons, the authors preferred not to adjust the ionization rate parameters for a better agreement with the experiments and limited the analysis to the default (and temperature-independent) values for and provided by the simulator.
From the discussion presented in this part, it turns out that a narrow depletion layer, obtainable with either a relatively high background doping or a thin epitaxial layer, is desirable in order to minimize the temperature dependence. Considering that a thin space charge region translates into a reduced active thickness for the SiPMs, from a device operation perspective this design solution carries however two main drawbacks. Namely, it would imply i) a higher gain consequent to the higher junction capacitance and thus higher afterpulse and higher cross-talk and ii) a poor photo-detection efficiency in the red-green part of the spectrum.
B. Breakdown Voltage Fluctuations
The potential source of statistical dispersion in the values that may be found in the produced SiPMs resides both in the device fabrication steps and in the quality of the starting substrates. In this section, the voltage fluctuations related to both device process variability and the properties of the starting silicon wafer are studied with the aid of TCAD simulations and the statistical data collected from several production lots.
in SiPMs is particularly sensitive to variation in the properties of the shallow junction. To this regard, possible sources of fluctuations are represented by variation in the implanted species concentration throughout the wafer, variation in the screen oxide thickness if present and small temperature gradients occurring in the furnaces during annealing steps [36] . The variability associated with processing is moreover expected to be accentuated by the particular positioning of the wafers into the processing equipment. In this part, a brief analysis based on TCAD simulations and statistical experimental data is proposed to evaluate and possibly explain the fluctuations in detected in the fabricated devices.
From the numerical simulations, it has been estimated that a 10%-15% variation in the screen oxide affects the concentration profile of the arsenic implant and therefore the position of the metallurgical junction. This can lead to fluctuations as high as V in SiPMs of type D and even V in SiPM of type A. Moreover, it has been assessed that already a 2% variation in the boron implant dose may induce a V and V variation in devices D and A, respectively.
Also variations in the properties of the epitaxial layer have an important impact on . Fig. 10 reports TCAD simulations of variation as a function of the epitaxial layer resistivity in devices B and D (same epi resistivity, different epi thickness). Small variations in the resistivity significantly affect the in devices B (thick epitaxial layer) while they have less impact on device D (thin epitaxial layer): the former device, in fact, does not operate in full depletion and the extension of the depletion region changes according to the resistivity. Fig. 11 reports, in turn, the variation due to changes in the epitaxial layer thickness in the same devices of Fig. 10 . In this case, a given thickness variation has greater impact on of the thinner sample D since this device operates always in full depletion and it is more sensitive than the thicker device B to the absolute variations reported on the -axis. Table II reports the statistical fluctuation in the average value obtained from automatic measurements that have been performed on batches of wafers belonging to several production lots relative to the devices B and D. At the time of writing, for device A and C there were not sufficient statistical data to draw consistent conclusions. It is worth noting that for each device type the starting wafers come from the same foundry production lot. It can be observed that in sample D the breakdown value is relatively uniform within the same wafer and also from wafer to wafer, while there is a more significant variation from lot to lot. However, looking at the data relative to devices B, breakdown variations as large as V are detected even in devices that belong to the same fabrication lot. Such a large variation is hard to explain only in terms of process variability, given the Table I ). Table I ). uniformity on type D. As suggested by the TCAD simulations, in sample B variations in the epitaxial layer properties of the starting wafers may be an important source of nonuniformity. From the results presented here, fluctuations in the epitaxial thickness are not expected to significantly impact , see Fig. 11 . Therefore, it can be concluded that the most probable source of device characteristics variability could be represented by uniformity issues in the epitaxial layer resistivity.
V. CONCLUSIONS
In this paper an original study based on measurements and TCAD simulations of avalanche breakdown voltage temperature behavior and breakdown voltage disuniformity issues in SiPM devices has been presented. Remarkably, it has been observed that the temperature coefficient of the breakdown voltage, which is well-known to be positive for avalanche breakdown due to impact ionization, shows a significant dependence on the structural properties of the devices. In particular, it is demonstrated by means of both experiments and accurate numerical simulations that the breakdown voltage dependence on the temperature is higher in junctions featuring a wide depletion region and, therefore, that SiPMs with reduced active thickness should be preferred for applications where high breakdown voltage uniformity is required. This design solution may however be detrimental in terms of afterpulse, crosstalk and device detection efficiency. A physical explanation for the observed temperature behavior has been given which also underlines the demand for accurate physics-based models, such as the energy balance transport model discussed in this work, to get meaningful and reliable TCAD predictions. From the proposed study, it appears also evident that even though the avalanche process takes place in the narrow high field region across the metallurgical junction, the effects of the temperature on involve the properties of the entire device active region. Finally, through the analysis of the statistical data about the fabricated samples and with the aid of TCAD simulations, it has been possible to shed light on the potential sources of breakdown voltage fluctuations in relation to both the properties of the starting silicon wafers and device process variability issues. In particular, it is shown that fluctuations in the resistivity of the epitaxial layer that hosts the active region of SiPMs might account for the large observed statistical dispersion in the breakdown voltage of the produced devices.
